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Abstract 
 
In our project we investigated the performance of different material used for building a part of a 
thermoacoustic engine. We tested 5 materials of 3 types; metal (stainless steel, aluminum), plastic (PET, 
kapton) and paper (paper tape). We formed stacks from tapes of those materials, rolled with fishing line pieces 
in between. We put the stacks in the same thermoacoustic device and used electronic devices to control sound 
wave parameters and collected data. During the experiment we obtained temperature various differences 
from 2,1⁰C (aluminum) to 17,18⁰C (stainless steel) in frequency range from 250Hz to 370Hz. Our experiment 
showed that the best performing material is stainless steel with the biggest temperature difference, followed 
by the group of plastics (PET 11,19⁰C and Kapton 11,38⁰C) then paper (with highest temperature difference of 
10,01⁰C). In each measurement we did, aluminum stack was the worst, with highest temperature difference of 
5,51⁰C. Our results contradict literature which we found while preparing for our experiment. 
 
Introduction 
 
“Thermoacoustics is a field that combines thermodynamics and fluid dynamics and acoustics” (Rao, Kumar, & 
Rao, 2013). Thermoacoustic refrigerator is a type of engine that transports heat from one place to another by 
sound waves (based on a concept of thermoacoustics). The concept of thermoacoustics and its use in practice 
has been investigated over the past hundred years. There exists mathematical description of the phenomena 
(Rott, 1980). But in the present, although the mathematical descriptions are available, the practical use still 
needs a lot of research. We as a group are going to try to contribute to this research.  
 
History of thermoacoustic engines 
 
The first reference to thermoacoustic engine is dated back to the year 1894 when Lord Rayleigh started the 
discussion about the possibility to transfer (pump) heat with sound waves. Also he was the first who correctly 
explained Soundhauss tube (Rayleigh, 1945). See Soundhauss tube below. 
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Figure 1. Soundhauss tube filled with air, after the bulb is heated there is sound coming out of tube. 
 
A few decades later Rott started his research on thermoacoustic engines. Modern developments and 
researches are largely based on his work from 1980 (Rott, 1980). Steven Garrett (Garrett, Adeff, & Hofler, 
1993), and Greg W. Swift (Swift, 1988) massively contributed to the understanding of the modern concepts of 
thermoacoustic engines. 
Swift's work named "Thermoacoustic engines" from the year 1988 made a basis in which linear thermoacoustic 
models were developed to form a basic quantitative understanding, and numeric models for computation. 
Commercial interest has resulted in niche applications such as small to medium scale cryogenic applications. 
 
Stirling engine 
 
Stirling engine was invented and patented by Robert Stirling in 1816. This type of engine uses external 
temperature differences to make and keep a movement of other parts. There is a cylinder which is moved by 
compression and expansion caused by heating or cooling of the gas. The Stirling engine is actually very similar 
to thermoacoustic engine. If one thinks about it in a reverse way, that the movement produced by Stirling 
engine would be done by sound waves, there would be compression and expansion of the gas as an outcome. 
And if the compression and the expansion are made in the right place, then it becomes a thermoacoustic 
engine (Hargreaves, 1991). 
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Current researches 
 
One of the current researches are being done in University of Utah as a project named Thermal Acoustic Piezo 
Energy Conversion (TAPEC) (University of Utah, 2007). Main aims of their project are to develop device which is 
able to turn acoustic energy into electricity by various processes. This project is related to ours in a way of the 
initial source of energy what are sound waves.  
Bill Ward, John Clark, and Greg Swift made a computing software named DeltaEc (Design Environment for Low 
Amplitude Thermoacoustic Energy conversion) (Ward, Clark, & Swift, 2015). This software is widely used to 
simulate the thermoacoustic engine, numerically optimize the device and estimate its efficiency. DeltaEc can 
be used to simulate particular condition of virtually created device and obtain complex range of results. It is 
capable of adjusting many variables depending what user wants to test. It can be also used in the reverse way, 
user sets up desired conditions and DeltaEc will show required initial conditions.  
There are not many current research groups that investigate the performance of different materials in 
thermoacoustic devices. Most of the papers decide to describe the design of thermoacoustic engines, not 
focusing on its separate elements, such as the stack.  
 
Application of thermoacoustic refrigerator  
 
Researchers from the University of Utah stated: "Symko says the devices won’t create noise pollution...Symko 
says the ring-shaped device is twice as efficient as cylindrical devices in converting heat into sound and 
electricity. That is because the pressure and speed of air in the ring-shaped device are always in sync, unlike in 
cylinder-shaped devices..." (University of Utah, 2007). That means that ring-shaped device should be more 
effective than cylindrical device. 
Company Cool Sound Industries, Inc. is developing air-conditioning based on thermoacoustic cooling. System is 
claimed to have high efficiency and low costs compared to competing refrigeration technologies, and have no 
HFC (hydrofluorocarbons) or HCFC (hydrochloroflorocarbons) and no mechanical compressor (Cool Sound 
Industries, 2015). 
University in Roskilde is using a thermoacoustic cooler named 2s102K Cryocooler in a physic laboratory. The 
device is capable of reaching 52K (Chart Industries, 2015). Some other thermoacoustic cryocoolers are capable 
of reaching temperature of 68,2K working with 300Hz in axial length of 1,2m. This 68,2K temperature have 
been reached with conditions of 4,0 MPa of helium and 750W working power. Thermoacoustics cryocooler 
have remarkable advantages such as environmental friendliness, cheap to build and very low friction of moving 
parts inside what makes device very durable (Company which made crycooler for Roskilde University claims 
that the device has lifetime up to 20 years). 
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Problem formulation 
 
How does the thermal conductivity and heat capacity of the stack material influence the thermoacoustic 
effect? 
We are going to verify the theory, mentioned in the next section, by collecting scientific data using the 
experiments and the setups’ conditions. We are aware of the difficulties we may encounter in the process of 
doing our experiment. However, we are going to try to avoid any error that we can. A correlation between the 
frequency and the temperature difference is expected, and that different materials will have different 
efficiencies of causing the temperature differences. 
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Theory 
 
Waves 
 
Now we are going to introduce the physics of waves for better understanding of the sound waves.  
 
“A wave is vibrational, shaking motion in an elastic, deformable body.” 
 (Ohanian & Markert, 2007) 
In principle this means that a wave is a vibration traveling through a medium thanks to interaction between 
particles. One particle with kinetic energy interacts with another and starts a movement of that particle. This 
motion is only a vibration of the particles. The particles themselves do not move from one place to another, 
rather just oscillate around one point transferring energy. 
 
Transverse and Longitudinal waves 
There are two different types of motion that waves can have. Transverse wave (Figure 2a.) is when particles 
oscillate “up and down” perpendicular to the motion of the wave itself. Longitudinal wave (Figure 2b.), as the 
name suggests is a type of wave where particles move “left and right” along the motion of the wave. 
 
 
Figure 2 (Showing the two types of waves, a. transverse wave and b. longitudinal wave) 
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In the figure 2 we can see the two types of waves and their shapes. Transverse wave (a.) has a shape of “snake” 
which represents the particles moving perpendicularly to the movement of the wave. On the other hand as 
Longitudinal wave (b.) has its particles moving in the same direction as the wave and therefore parts with more 
particles (darker) and less particles (lighter) are created.  
 
Standing wave 
When two or more waves with same amplitude and frequency, but opposite directions interact with each 
other, two different situations may occur. Destructive interference will occur when the two waves have 
opposite phase and will cancel each other out. Constructive interference will occur when the phase is the same 
between two waves and will amplify the effects of each other.  
When this happens with waves that are closed in a medium - they cannot move any further than the medium 
and have to move back when hit the end, we call it a standing wave. 
One very common example of a standing wave is a string of a guitar. The wave travels across the string but no 
further than the end of the string.  
There are two possibilities of waves’ motion that can be observed when wave comes to an end of the medium: 
1. Open end medium 
When the medium has so called open end, meaning the wave comes to the end and has no wall to bump of off, 
the following will happen. If a wave has positive phase and hits the open end its phase will stay positive and 
travel back and vice versa (Figure 3). 
  
Figure 3 (Showing the wave’s behavior at open end) 
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      2. Closed end medium 
When the medium has a closed end, meaning the wave comes to an end that is held onto something - example 
string of a guitar, the following will happen.  If a wave has positive phase and hits the closed end its phase will 
shift into negative and travel back, and vice versa (Figure 4). 
 
 
  
Figure 4 (Showing the wave’s behavior at closed end) 
 
When both ends of the medium are closed, the wave will travel back and forth across the medium and patterns 
of nodes and antinodes will form (Figure 5).  These nodes and antinodes are the result of interferences of the 
wave as it travels. Nodes are formed where the two opposite phases meet and cancel each other out. 
Antinodes are formed where two waves with the same phase meet and amplify the effects. 
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Figure 5 (Showing the nodes and antinodes of the wave; mathematical description below) 
 
Mathematical representation of a wave 
To better represent what a standing wave looks like, we can represent its behavior with simple mathematical 
equations. To describe the movement of two waves traveling opposite to each other:  
𝑦1(𝑥1, 𝑡) = 𝑦1 = 𝑦0 ∗ 𝑠𝑖𝑛(𝑘𝑥1 −𝜔𝑡) [1] 
𝑦2(𝑥2, 𝑡) = 𝑦2 = 𝑦0 ∗ 𝑠𝑖𝑛(𝑘𝑥2 +𝜔𝑡) [2] 
 
Where y stands for the displacement of particle from the equilibrium, y0 amplitude, time t, angular frequency 
ω, wave number k and position and x is the position. So in order to describe standing wave, we have to put 
these two equations together by calculating the vector sum: 
  a) 𝑦 = 2𝑦0 ∗ 𝑠𝑖𝑛(𝑘𝑥)cos⁡(𝜔𝑡) [3] 
Similarly we can also describe the speed of the wave by deriving the displacement with respect to time. Again 
having to consider the two waves traveling opposite to each other: 
𝑣1(𝑥1, 𝑡) = 𝑣1 = −𝑣0 ∗ 𝑐𝑜𝑠(𝑘𝑥1 −𝜔𝑡) [4] 
𝑣2(𝑥2, 𝑡) = 𝑣1 = 𝑣0 ∗ 𝑐𝑜𝑠(𝑘𝑥2 +𝜔𝑡) [5] 
Where v is velocity and v0 is maximum velocity (𝜔 ∗ 𝑣0). Again we can sum the two together: 
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b) 𝑣 = 2𝑣0 ∗ 𝑐𝑜𝑠(𝑘𝑥)cos⁡(𝜔𝑡) [6] 
 
The two equations (a and b) describe the displacement and velocity of particles of a standing wave. At some 
positions, where sin(kx)=0 we get a node, which is zero displacement. On the other hand where sin(kx)= 1, we 
get the antinode or biggest displacement.  
This knowledge of nodes and antinodes helps us decide what frequency should be the best for the performance 
of the device, as the literature suggests the resonance tube length should be one quarter of the wavelength of 
the sound wave (de Waele, 2011). For that corresponding frequency, from the wavelength equation (V=λ*f), we 
would get a standing wave inside the resonance tube with a velocity antinode at the closed end, and a node at 
the loudspeaker.  
 
Sound waves 
Sound waves are longitudinal waves traveling across solid or fluid medium, they cannot travel through vacuum.  
As they are longitudinal waves we often refer to them as pressure waves.  
 
The speed of a sound wave 
Two variables significantly affect the speed of sound. First being material of the medium and second being the 
temperature of the medium. The hotter the medium, the faster the sound. 
For example the speed of sound in air at 0 degrees Celsius is 331.3m/s, while at 25 degrees Celsius it is 346m/s. 
The following simplified formula can be used to calculate the speed of sound in air at various temperatures and 
humidity 0%:  
 v=(331.82+0.61{t})m.s-1   [7] 
 
However to better represent the speed of sound in air, and find its velocity the following formula is used: 
 
𝑣 = √1.4 ∗
𝑝0
𝜌0
 [8] 
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Table 1. Physical terms important for calculation of speed of sound 
Physical term Notation 
Air pressure [Pa] p0 
Air density [kg/m3] ρ0 
Velocity [m/s] v 
Temperature [0C] T 
 
 
 
Thermodynamics 
 
In order to understand thermoacoustic effects, fundamental knowledge in the field of thermodynamics is 
beneficial. This chapter aims to briefly introduce key concepts and technical vocabulary of the parts in 
thermodynamics, which are later taken up again while explaining the thermoacoustic effect in our engine. 
In the first part, we will discuss the model, by which we mean the simplified view of our setup, and the material 
properties such as thermal conductivity and specific heat capacity.  
Secondly, we will introduce the term of entropy and move on with a description of the laws of thermodynamics 
for our model. 
To close up, we focus on the adiabatic expansion of gas. 
Generally, thermodynamics1 is a field that deals with forces that are related to heat and temperature and the 
relationship of that connection. However, the model that is chosen to represent the system we are working 
with determines the way we present the thermodynamic process. Therefore, it is worth determining our model 
and its properties first, starting with the system we are encountering and finally explaining thermal 
conductivity and specific heat capacity. 
Our set up is designed in a way that it will ideally allow energy transfer in and out of the system but no mass 
transfer into or out of the system. Thus, we theoretically have a closed system. In the further discussion, we 
will talk about the model of our system, since the model is simplified a lot and our actual system is more 
complicated. The concepts we introduce hold for the model of our system but might vary for the actual set up. 
When talking about the materials we use for our set up the terms thermal conductivity and specific heat 
capacity are important. Therefore we will define those expressions now with following notations: 
                                                          
1 thermo- = connected with heat or temperature; dynamics = the scientific study of the forces that produce movement 
(American Heritage®, 2011) 
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Table 2. Physical terms important for calculation of thermal coefficients 
Physical term Notation 
Temperature [K] T 
Heat [kJ] Q 
thermal conductivity [W*m-1K-1] k 
cross section [m2] A 
Time [s] t 
Mass [kg] m 
specific heat capacity [kJ/kg*K] c 
 
 
The thermal conductivity is a material property and revers to the heat transfer by conduction, which occurs 
due to the motion and collision of atoms in a solid. The thermal conductivity describes how well a material 
allows the flow of heat. The heat flow rate for heat transfer by conduction is given by the equation: 
∆𝑄
∆𝑡
= 𝑘𝐴
∆𝑇
∆𝑥
 [9] 
Specific heat capacity is likewise a material property and determents “the heat that is needed to raise the 
temperature of 1 kg of a material by 1°C” (Ohanian & Markert, 2007). To reach a certain temperature 
difference, the heat needed is connected to the specific heat capacity by: 
𝑄 = ⁡𝑚𝑐∆𝑇 [10] 
 
In the next part, before we start with the discussion of some important thermodynamic relations, we will 
introduce an important quantity that will be used later on. That quantity is the entropy of a system. Relevant 
notations are: 
Table 3. Physical terms important for calculation of entropy 
Physical term Description 
Entropy [J/K] S 
Temperature [K] T 
Heat [J] Q 
 
 
The entropy of a system is a state function, which gives the degree of disorder for a closed system (Drake, 
2014). Most importantly, the change in entropy of a system is always equal to or over zero for closed systems. 
More generally, the change of entropy is given by: 
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∆𝑆 = ⁡∫
𝑑𝑄
𝑇
𝐵
𝐴
 [11] 
for a system that is taken from state A to state B by a reversible process. 
Now we have the basics for the discussion of the thermodynamic laws. Consequently, we start now with 
focusing on the thermodynamic laws with respect to our model. First, we will take a look at the first and 
second law of thermodynamics. Notations that should be known are: 
 
Table 4. Physical terms important for first law of thermodynamics 
Physical term Description 
heat flow out of the engine, at ambient 
temperature [J/s] 
𝑄?̇?   
heat flow, at low temperature, into the engine 
[J/s] 
𝑄?̇?   
power supplied to system [J/s] P 
 
From the thermodynamic laws as an approach to inhomogeneous, open systems we can derive the laws 
applying to our model (de Waele, 2011). However, we will not go into detail and describe that derivation, but 
rather state its outcome. 
The first law of thermodynamics can be reduced to 
𝑄?̇? = 𝑃 +⁡𝑄?̇? [12] 
And the second law of thermodynamics to 
𝑄?̇?
𝑇𝑎
−
𝑄?̇?
𝑇𝐿
=
𝑃+?̇?𝐿
𝑇𝑎
−
?̇?𝐿
𝑇𝐿
⁡ ≥ ⁡0 [13] 
The most important consequence of this equation is that we have to supply our system with power since 
whenever heat flows from a low to a high temperature work is done. This can be seen in the equation above: 
𝑃 + ?̇?𝐿
𝑇𝑎
⁡ ≥ ⁡
?̇?𝐿
𝑇𝐿
 
𝑃
𝑇𝑎
+
?̇?𝐿
𝑇𝑎
⁡ ≥ ⁡
?̇?𝐿
𝑇𝐿
 
𝑃
𝑇𝑎
≥⁡
?̇?𝐿
𝑇𝐿
−
?̇?𝐿
𝑇𝑎
⁡ 
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𝑃 ≥ ⁡
𝑄?̇? ∗ 𝑇𝑎
𝑇𝐿
− ?̇?𝐿 
𝑃 ≥ (
𝑇𝑎
𝑇𝐿
− 1)?̇?𝐿 
Since Ta will always be greater than TL the right hand side of the equation above is always positive. 
In our model the power P is transmitted by the sound wave from the loudspeaker. 
As a last section, we will now describe the adiabatic expansion of a gas, which will appear later again, when 
talking about the mechanism behind our model. Useful notations are given in the table 4. 
In general, when a gas is expanding adiabatically, it does not transfer heat to or from the environment during 
the process. In terms of mathematical description, this leads to the equation: 
𝑝
1
𝑉1
𝛾 = 𝑝
2
𝑉2
𝛾  [14] 
Where γ is a constant defined by the ration of the specific heat of the gas at constant pressure and the specific 
heat of the gas at constant volume. This relation is also called the Poisson relation and is however a case of the 
more general expression 
𝑝
1
𝑉1
𝛾 = 𝑐𝑜𝑛𝑠𝑡. [15] 
For an adiabatic expansion in a closed system. As stated in (de Waele, 2011) this equation also includes 
“systems with inhomogeneous temperature”. 
 
 
Fluids and flows in a thermoacoustic heat pump 
 
Heat transfer – what it is and why it is important for us 
Heat transfer is the flow of thermal energy driven by thermal non-equilibrium (i.e. the effect of a non-uniform 
temperature field), commonly measured as a heat flux (vector), i.e. the heat flow per unit time (and usually 
unit normal area) at a control surface. (Martinez, 2015) 
When investigating the mechanism of heat pumps, and particularly thermoacoustic engines, it is important to 
be able to describe the heat flow in a scientific way. It is because the transfer of heat energy is the core process 
happening in these constructions. The heat pumps are used as devices used to cool or heat the system, to 
which they are attached (by heat exchangers). Again, one has to remember that energy cannot be created or 
destroyed, only transferred or transformed. The subject of our study – thermoacoustic refrigerator transforms 
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sound waves’ energy into difference in temperatures by withdrawing heat at one point of the cyclic process. As 
already mentioned, a sound wave in a gas consists of coupled pressure and motion oscillations, but 
temperature oscillations are also present. This is the mentioned thermal non-equilibrium, which we can benefit 
from. 
Thermal penetration depth 
The key process of a thermoacoustic engine happens inside the stack, between gas parcels and solid walls of 
the stack. If the spacing in the stack is big, gas particles that are in no contact with the walls undergo adiabatic 
oscillations in temperature. They do not give off the heat to the stack’s material, what is an obvious waste of 
energy. Therefore, there is an important property regulating the dimension of this undesired process – thermal 
penetration depth δκ. It is the thickness of the layer of the gas where heat can diffuse through during half a 
cycle of oscillations. For the stack to perform the best, it is found in literature that the spacing between the 
walls of the stack should be 2 to 4 times the thermal penetration depth (Tijani, Zeegers, & De Waele, 2002).   
𝛿𝜅⁡ = ⁡√
2𝑘
𝜔∗𝜌∗𝑐𝑝
  [16] 
Table 5. Physical terms important for calculation of gas thermal conductivity 
Physical term Notation 
thermal penetration depth [m] δκ 
gas thermal conductivity [W/(m*K)] k 
isobaric (at constant pressure) heat capacity per 
unit mass [J/K] 
cp 
Angular frequency [Hz] ω 
Density of gas [kg/m3] ρ 
 
 
As far as gas thermal conductivity, heat capacity and density of gas are constants for a system (if we keep the 
pressure constant, density does not change as well), we can easily adjust angular frequency by changing 
frequency generator's settings to regulate δκ. The equation says that the higher frequency we apply, the 
smaller the penetration depth will be. Wave's period and particles' oscillations will be shorter, happen more 
frequently, and the gas parcel will transfer heat on shorter distances. It implies that as the working frequency 
gets higher (to some extent, outside resonance frequency range), performance of a thermoacoustic engine gets 
worse. Of course there are many other factors to consider (imperfections of materials, heat losses, frequency 
generator’s power oscillations etc). 
 
Mass flow 
As it has been said, sound wave is a longitidunal wave and gas parcels don't flow through the thermoacoustic 
system. Instead, we speak about oscillations of gas particles along the axis of the system's tunnel. 
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Importance and limitations of standing-wave refrigerator design 
 
Comparing to other engines, e.g. internal combustion engines, thermoacoustic standing-wave heat pumps are 
simple setups. They have few elements and no moving parts. Therefore it is of great importance for these few 
elements to be well-designed, if the engine is to work properly. In practice, the most efficient thermoacoustic 
engines approach 30-40% of Carnot limit (ideal engine model). 
Frequency generator 
As any physical oscillatory system, also each thermoacoustic engine has its resonance frequency and interval of 
frequencies, in which it performs best. In scientific literature there are projects investigating different ranges of 
frequencies for thermoacoustic engines that share, more or less, the same theoretical setup. From 110-120 Hz 
(Zootjens et.al. 2005), 300-400 Hz (Mathewlal et.al. 2004) to 150-650 Hz (Xiao, Wang, Zhang, Li, & Pang, 2009) 
and 4000-5000Hz (Symko, 1994). 
Resonance tube 
A resonance tube ensures that there is a standing wave. According to Tijani (2002), the resonator (resonance 
tube) is designed in order for the dimensions, weight and losses to be optimal. It should be light, but at the 
same time strong enough to endure the pressure applied. The shape and length are dependent on resonance 
frequency and minimal energy waste at the wall of the tube. It can be opened at the non-wave-generating end 
or closed, terminated with a bulb or a buffer container. The whole resonance tube can have either a lambda/2- 
or lambda/4-length, due to so called relaxation dissipation losses, which we will not describe in detail. 
Stack 
There are many geometric patterns to form a stack: in parallel plates, circular pores, pin arrays, triangular 
pores, etc (Tijani, Zeegers, & De Waele, 2002). A conventional stack developed by T. J. Hofler (1986) is a mylar 
sheet rolled into a pancake structure with sheets separated by a nylon fishing line. But there are also many 
materials available to build a stack.  
There are four properties crucial for an optimal stack material. It must be porous. Moreover, it must show a 
high heat capacity and low thermal conductivity. Finally, spacing between material's layers must be 
comparable to the thermal penetration depth [described earlier]. 
Positioning of a stack in the resonance tube gives another three parameters: the center position xn, the length 
(of a stack) Lsn and the cross-sectional area A. 
All these required properties limit the choice of a well-functioning stack's material. It is however of paramount 
importance, because stack is the element causing thermoacoustic effect of the whole engine - adiabatic 
compression, adiabatic expansion and isobaric heat transfer. 
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Heat exchangers 
Heat exchanger is an element transferring energy in and out of a system. There are many types of its working 
principle, e.g. double pipe-, plate-, phase-change-, direct contact-, microchannel heat exchanger. In heat 
pumps, it can have a form of thin copper stripes, soft-soldered to a brass holder and ground flat, with different 
sizes of such 'sieve' holes (Ryan, 2010). 
Heat exchangers are necessary if the built system should have any real use. However, a temperature gradient 
along the stack can be created with or without heat exchangers. 
In a thermoacoustic heat pump there are two heat exchangers, placed on two sides of the stack. Due to the 
ongoing process described above, these two sides are a hot and cold end of the stack. If the hot end is 
thermally connected to the environment (ambient temperature) and the cold end to a heat load (target system 
to exchange heat with), the engine is then a refrigerator. If the two ends are connected in the opposite way, 
the device works as a heater. 
Poor performance of heat exchangers decreases the efficiency of thermoacoustic engines dramatically. Placed 
on both ends of a stack, heat exchangers reduce the number of gas parcels (portions) inside the stack, resulting 
in a decrease of working gas and system performance. There exist also oscillations between the stack and the 
wall of heat exchangers, investigated by Akhavantazaz et.al. (2007). 
Working gas (medium) 
There are different parameters of the working gas desired, e.g. sound velocity and thermal conductivity. Of all 
inert gases, helium has the highest values of both and together with an ideal-gas behaviour makes it an 
excellent design choice. However it is also expensive, so for a low-cost thermoacoustic refrigerator compressed 
air is an alternative, although less efficient (air is in fact a mixture of gases with slightly different properties). 
In our experiment we use air at atmospheric pressure. The primary reason is that we change the main inner 
element – stack, and we open the system to replace it. Thus it is not closed anymore and we would not be able 
to prevent helium from escaping. It obviously decreases the efficiency of our engine, but we focus on 
comparing different materials in the same setup, so this issue is not relevant. 
Pressure inside the refrigerator and ambient temperature 
The gas used in thermoacoustic heat pumps is usually at 10 to 20 atmospheres and it is said to be an optimal 
pressure. Because, as equation [16] shows, the higher the pressure, the smaller will the thermal penetration 
depth be. This results in the fact that the spacing can therefore be smaller and allow for more surface area (see 
the thermal penetration depth section). But material durability of all engine's elements must be taken in 
cosideration. 
For practical reasons, ambient temperature during the experiment should be held constant. Sounding trivial, it 
may be uneasy to control, especially on a small-scale experimenting, due to normal variations of room 
temperatures. It affects the data, which needs more treatment while calculating temperature difference etc. 
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Thermoacoustic effect 
 
In this section we are going to combine the knowledge we gathered in the theory part to explain how the 
thermoacoustic refrigerator works. We introduce our interpretation of the literature found (Swift et.al.) on the 
processes happening in the thermoacoustic engine.  
First of all by playing sound at a certain frequency inside the tube we create a standing wave. For simplification 
we set our coordinate system along the tube in such a way that the x-axis is parallel to the length of the tube. 
So considering this coordinate system, the air particles are oscillating along the x-axis. One should also keep in 
mind that in addition to the pressure and displacement oscillation, the temperature oscillations are also 
present. These air temperature oscillations and its interaction with the stack are used to create the 
thermoacoustic effect in the stack.  
Macroscopically 
Explanation of the processes occurring in a thermoacoustic refrigerator requires understanding of 
thermodynamics described above and the structure of the engine, described in detail in section 6. 
The thermoacoustic engine produces temperature difference (heat) from generated sound waves, using a stack 
(in standing-wave devices) or regenerators (in travelling-wave devices). Our system is a standing-wave 
refrigerator, so we will focus on processes around the stack. 
A so-called Brayton cycle is a model of this heat pumping around the stack. It consists of four steps: 
1) Adiabatic compression of the gas 
A parcel of gas is displaced along the tube in the direction of a stack. Here there is a sudden change in 
volume available (from cross-sectional area of the tube to a series of much narrower parallel tunnels in 
the stack). It means that it must compress rapidly (adiabatic circumstance). 
2) Isobaric heat transfer 
Due to adiabatic compression gas temperature increases and because of a lower temperature of 
stack’s and heat exchanger’s temperature, it gives off heat. 
3) Adiabatic expansion of the gas 
Reaching the other end of the stack, gas has suddenly more volume available (back to cross-sectional 
area of the tube). It expands adiabatically. 
4) Isobaric heat transfer 
Due to adiabatic expansion temperature of the gas decreases. Now walls of stack and heat exchanger 
have a higher temperature, so heat is transferred to the gas parcel, which now reaches its original 
temperature value. 
Microscopically 
The particles oscillating further from the loudspeaker come in contact with the stack. As the particles enter the 
tunnels of the stack, the volume of the space where their movement suddenly decreases, which increases the 
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pressure, consequently increasing the temperature. Because this process happens instantly, there will be no 
exchange of heat between the air particles and the stack (adiabatic process). Now that the gas particles inside 
the stacks’ tunnels are hotter than the surrounding walls of the stack, the heat will be transferred from air to 
stack. Because the stack’s heat capacity and heat conductivity are higher than the air’s, the air will transfer a lot 
of heat to the stack. On the other hand when the particles go back, the volume increases so the pressure and 
temperature decrease. Because now the temperature of the air is lower than the one of the stack, the heat will 
be transferred from the stack to the air. But as the heat capacity of the air is lower than that of the stack and 
the time of the oscillations is really low, the air will not be able to absorb all the heat it gave away in the first 
step, therefore the overall temperature of the air will decrease and the temperature of the stack will increase. 
As this process repeats, the amount of heat transferred from the air to stack in each cycle will gradually 
decrease until it hits the point when the transfer stabilizes.  
The effect takes place along the whole length of the stack giving the overall temperature difference.  
The thermal conductivity of the stack is much greater than the thermal conductivity of air, therefore the 
thermal distribution of air is different along the stacks’ tunnel, but the stacks temperature is homogeneous, 
ideally.  
Because of the temperature difference, the heat transfer between the stack and the air happens.  
As not all the particles inside the tunnel are affected by the heat transfer equally, we need the thermal 
penetration depth [described ealier]. The thermal penetration depth shows the thickness of the layer of the 
particles that can exchange heat with the stack. The layer that is outside of the thermal penetration range is 
not exchanging heat with the stack and continuous the motion unaffected.  
Furthermore the velocities of the gas layers inside the tunnel are not equally distributed either. The gas 
particles closer to the walls of the stack have lower velocities than those further away. Because of this we have 
to introduce the viscous penetration depth. This property shows how thick the layer of the gas is that is slowed 
down by the interaction with the walls.  
These two properties are comparable with each other as they both have many variables in common: 
 
Thermal penetration depth-    𝛅𝛋⁡ = ⁡⁡√
𝟐∗𝒌∗𝑴
𝛚∗𝛒∗𝐜𝐩
 
 
Viscous penetration depth-                 𝛅𝐯 = √
𝟐𝝁
𝛚∗𝛒
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Table 6. Physical terms important for calculation of thermal penetration depth 
Physical term Notation 
thermal penetration depth [m] δκ 
gas thermal conductivity [W/(m*K)] k 
isobaric (at constant pressure) molar heat 
capacity per unit mass [J/mol*K] 
cp 
Density of gas [kg/m3] ρ 
Angular frequency [Hz] ω 
Viscous penetration depth [m] δv 
Gas viscosity [Pa·s] μ 
Molar mass [g/mol] M 
 
 
 
 
Figure 6. Illustration of thermal penetration depth 
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Calculations:  
Table 7. Values of physical terms for calculation for thermal penetration depth 
Notation Value 
k 0.0257 [W/(m*K)] 
cp 29.07 [J/(mol*K)] 
ρ 1.204 [kg/m3] at 20 ℃ 
ω 2π*350 [Hz] 
μ 1.82 * 10-5 [Pa*s] at 20 ℃ 
M 28.97 [g/mol] 
 
δκ⁡ = ⁡⁡√
2∗0.0257⁡[
W
m∗K
]∗28.97⁡[g/mol]
2π∗350⁡[Hz]∗1.204⁡[kg/m3]∗29.07⁡[J/(mol∗K)]
= 0.139⁡𝑚𝑚  
 
δv = √
2∗1.82⁡∗⁡10−5⁡[Pa∗s]⁡
2π∗350⁡[Hz]∗1.204⁡[kg/m3]
= 0.117⁡𝑚𝑚  
The spacing for our stack is therefore 0,04cm which is close to 3 times the thermal penetration depth (see the 
thermal penetration depth section). 
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Hypothesis 
 
Based on the literature and theory discussed in the previous chapter we hypothesize that a high heat capacity 
and a low thermal conductivity, will result in a better performance of the material. This will result in a bigger 
temperature difference. 
Experimental procedure 
Materials and equipment 
Materials: 
 PET tape 
 Stainless steel sheet 
 Paper tape 
 Aluminium foil 
 Fishing line 
Equipment: 
 Scissors  
 Ruler 
 Double sided tape 
 Marker 
 Cutter knife 
 Plastic plate 
 Wooden plate 
 Gloves 
 Stopwatch 
 Glue 
 Primer 
 Fume hood 
 Screw driver  
 
Set up elements: 
 Loudspeaker 
 Frequency generator 
 Plastic resonance tube 
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 Aluminium plug 
 Thermometer 
 Data Acquisition Module 
 Computer with MatLab 
 
Stacks’ production and dimensions 
 
First of all we built the stack using the tape of material (e.g. PET in the first experiment). We shaped the 
materials into tapes of a width of 3.5 centimeters. We placed the stack on the wooden plate, with double tape 
and half-centimeter-marks, in a fume hood. We placed pieces of fishing line at each mark. We applied primer 
along each fishing line piece and the glue right after. We continued until we produced two meters of skeleton. 
After this, we rolled the tape and adjusted the cross section, so that it fits into the tube. (Pictures in the 
Appendix 1.) 
 
 
Figure 7. Illustration of spacing on the tape 
We want to ensure that each stack has the same surface area, although the material might have different 
thicknesses. Therefore we measured the length of material needed to build the stack. 
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Table 8. Dimensions and physical properties of materials we used 
 Paper PET Stainless steel Aluminum Kapton Air 
Thermal 
conductivity 
[W/(m*K)] 
0,05 0.176 16 237 0.12 0,026 
Heat 
capacity 
[kJ/kg*K] 
1,36 1 0,49 0,9 1.09 1,005 
Length  
[cm] 
125 157 126 115 117 N/A 
Width  
[cm] 
3,5 2,8 3,5 3,5 3.5 N/A 
Thickness 
[mm] 
0.154 0.048 0.030 0.041 0.134 N/A 
Material 
area  
[cm2] 
937,5 439,6 441 402,5 409.5 N/A 
Surface of 
action 
[cm2] 
805 808,9 811,5 740,6 753.48 N/A 
 
 
We calculated the surface of action by multiplying the length (L) of the material tape by 2 (there are two fishing 
line pieces per centimeter of the material) and by the width of the fishing line (0.04 cm) and subtracted that 
number from the original length. Then we multiply this number with the width (w) of the material and multiply 
again by two (because when we roll it there are both sides working). 
𝐴 = (𝐿 − 2 ∗ 𝐿 ∗ 0.04) ∗ 𝑤 ∗ 2 
 
With this data we calculated the surface area of the PET stack. Which is around 900 cm2. We modified the 
other stacks by changing their width, so that they have a similar surface area.  
We do not change the position nor the spacing of our stack during the measurements.  
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Figure 8 . Illustration of our setup. The frequency generator is connected to the loudspeaker. The resonance 
tube (attached to the loudspeaker) with stack, thermometers and aluminum plug. On the other end, electronic 
device collects data. 
 
Procedure 
 
This section describes the procedure used to measure the temperatures, when varying frequency using each 
stack.  
First of all we have to note following: 
 The device has been turned horizontally for measurements in order to prevent the stack from sliding 
down the resonance tube 
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Figure 9. Photo of our setup in reality. There is a resonance tube with a stack attached to loudspeaker 
placed horizontally.  The yellow box on the left side is our frequency generator. 
 
 We marked a certain point on the tube, with which we aligned each stack so that we have the same 
displacement every time. The displacement is 2,5cm from the aluminum plug. 
 For each measurement the two thermometers were placed at the same position. Approximately 0,5 – 
1cm from the edge of the stack.  
 Each stack has the same surface area.  
 Each stack is measured twice, the average of these measurements are taken and then investigated. 
 
With these conditions followed we started the measurements following these steps:  
“Frequency interval measurement” 
1. We measured the initial temperature of the room for the first (1), second (2) measurement: 
Aluminum:  26.50 °C (1),  26.30 °C (2) 
PET:    27.00 °C (1),  26.70 °C (2) 
Steel:    24.70 °C (1),  26.10 °C (2) 
Paper:    25.70 °C (1),  26.50 °C (2) 
Kapton:   26.30 °C (1),  26.00 °C (2) 
 
2. Set the frequency generator to 250Hz and start by increasing the power from 0 to 5.  
3. Using MatLab function we measured temperatures every second for 120 seconds for each frequency.  
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4. We changed the frequency in steps of 5Hz (Ranging from 250Hz to 370Hz) and repeated the 2 minute 
measurements.  
5. After we reached 370Hz, all the data was saved. Each frequency has a table, consisting of 120 inputs in 
form of temperatures in °C. (Example: Cold_260, Hot_260) 
6. Having all the data for each frequency, we took the mean of “Hot” and “Cold” temperatures for each 
frequency and plotted them against frequency. (Example: C_260, H_260) 
7. We also created a “Difference” set of data, which was calculated by subtracting the “Cold” from “Hot” 
temperatures. Again plotted against Frequency. 
“10 minute measurement” 
1. After the measurements for the frequency interval were finished, we let the system cool down back to 
the room temperature and make a new measurement.  
2. We set the frequency generator to 315Hz and change the Matlab function so that it now takes 600 
measurements, one every second. Resulting in 10 minute measurement. 
3. We note the initial temperatures: 
Aluminum:  26.13 °C 
Kapton:   23.95 °C 
Steel:   24.30 °C 
Paper:    23.69 °C 
PET:   24.20 °C 
4. We start the matlab function and change the power on the generator to 5. 
5. After ten minutes, when the measurement is completed, we save the data and create the ”Difference” 
set of data by subtracting the Cold temperatures from the Hot temperatures.  
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Results and Data analysis 
 
In this chapter we present our results and provide its analysis. We analyze the data in three different ways, first 
we analyze each material and its performance in the set frequency interval separately. Secondly we provide the 
analysis of the temperature difference results for the given frequency range all stacks together. And at last we 
interpret the data for all the materials at given frequency (315H) for 10 minutes. In the end we put all the 
results together and provide interpretation.  
 
Individual analysis 
 
We are first going to analyze the Aluminum stack, then Kapton, Paper, PET and Steel will follow.  
 
Aluminum 
 
 
Figure 10. Graph showing hot and cold temperatures of aluminum stack 
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Figure 11. Graph showing temperature differences for aluminum stack 
 
Graphs above show our measurement data for the aluminum stack. The first graph shows the two 
temperatures measured (Hot and Cold) versus the frequency. The second graph shows the temperature 
difference versus the frequency, which was the main focus of our experiment.  
In Figure 10, we observe that the hot temperature line has a parabolic shape and the cold temperature line 
slightly increases over time. Although the temperature difference between these two changes throughout the 
set frequency interval. It can be better observed on the Figure 11 where the difference is clear. 
In Figure 11, we observe that the temperature difference over the frequency interval resembles a parabolic 
shape. The important point on the graph is at frequency 305Hz which has the biggest temperature difference 
of 5.51°C. That’s where the aluminum performs the best as a stack. The overall average temperature difference 
is 4.31°C.  
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Kapton 
 
Figure 12. Graph showing hot and cold temperatures of kapton stack 
 
 
Figure 13. Graph showing temperature differences for kapton stack 
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Graphs above show our measurement data for the kapton stack. The first graph shows the two temperatures 
measured (Hot and Cold) versus the frequency. The second graph shows the temperature difference versus the 
frequency, which was the main focus of our experiment.  
In Figure 12, we can observe that the hot temperature rises faster than cold temperature. Because of that, the 
temperature difference changes. It can be better observed on the Figure 13 where the difference is clear. 
In Figure 13, we observe that the temperature difference over the frequency interval resembles a parabolic 
shape. The important point on the graph is at frequency 295Hz which has the biggest temperature difference 
of 11.38°C. That’s where the kapton performs the best as a stack. The overall average temperature difference 
is 10.04°C. 
 
Paper 
 
Figure 14. Graph showing hot and cold temperatures of paper stack 
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Figure 15. Graph showing temperature differences for paper stack 
 
Graphs above show our measurement data for the paper stack. The first graph shows the two temperatures 
measured (Hot and Cold) versus the frequency. The second graph shows the temperature difference versus the 
frequency, which was the main focus of our experiment.  
In Figure 14, we can observe that the hot and cold temperatures rise with similar slopes. Although the Hot 
temperature still rises a little bit faster than cold and that’s what creates the change in temperature difference. 
It can be better observed on the Figure 15 where the difference is clear. 
In Figure 15, we observe that the temperature difference over the frequency interval looks like a parabola 
again. The peak of this parabola is at frequency 310Hz which has the temperature difference of 10.01°C. That’s 
where the paper performs the best as a stack. The overall average temperature difference is 8.88°C. 
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PET 
 
 
Figure 16. Graph showing hot and cold temperatures of PET stack 
 
 
Figure 17. Graph showing temperature differences for PET stack 
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Graphs above show our measurement data for the PET stack. The first graph shows the two temperatures 
measured (Hot and Cold) versus the frequency. The second graph shows the temperature difference versus the 
frequency, which was the main focus of our experiment.  
In Figure 16, we can observe that the hot and cold temperatures rise with similar slopes. Although the hot 
temperature still rises a little bit faster than cold and that’s what creates the change in temperature difference. 
It can be better observed on the Figure 17 where the difference is clear. 
In Figure 17, we observe that the temperature difference over the frequency interval looks like a parabola 
again. The peak of this parabola is at frequency 310Hz which has the temperature difference of 11.19°C. That’s 
where the PET performs the best as a stack. The overall average temperature difference is 9.87°C. 
 
Stainless steel 
 
Figure 18. Graph showing hot and cold temperatures of stainless steel stack 
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Figure 19. Graph showing temperature differences for stainless steel stack 
 
Graphs above show our measurement data for the Steel stack. The first graph shows the two temperatures 
measured (Hot and Cold) versus the frequency. The second graph shows the temperature difference versus the 
frequency, which was the main focus of our experiment.  
In Figure 18, we can observe that the hot and cold temperatures rise with similar slopes. Although the Hot 
temperature still rises a little bit faster than cold and that’s what creates the change in temperature difference. 
It can be better observed on the Figure 19 where the difference is clear. 
In Figure 19, we observe that the temperature difference over the frequency interval looks like a parabola 
again. The peak of this parabola is at frequency 290Hz which has the temperature difference of 17.18°C. That’s 
where the Steel performs the best as a stack. The overall average temperature difference is 14.70°C. 
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Combined analysis 
 
In this paragraph we present the frequency interval measurements for all stacks combined together in one 
graph. 
 
 
 
Figure 20. Graph showing temperature differences of each stack 
 
The graph describes the temperature difference in degree Celsius versus the frequency in hertz. The 
temperatures were measured for each frequency 120 times in interval of 2 minutes (1 measurement per 
second) averaged and subtracted the hot and cold to create the temperature difference. These steps were 
repeated for the frequencies from 250Hz to 370Hz in intervals of 5Hz per measurement.  
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From the Figure 20 and the average temperature differences we can list the materials in accordance to their 
overall performance from worst to best. That is Aluminum, Paper, PET, Kapton and Steel. Where steel is the 
best.  
 
10 minute measurement 
In this section we analyze the measurement for the 10 minute data.  
 
 
Figure 21. Graph showing temperature development of each stack over time  
 
The graph describes the measurement of each stack at frequency 315 Hz. Temperatures have been measured 
every second for the period of 10 minutes. The plot shows the temperature difference, calculated by 
subtracting the cold from the hot temperatures measured, in degree Celsius plotted against time in seconds.  
We can observe that each stack follows similar shape of exponential function approaching individual limits. 
They are approaching a certain temperature difference, varying for each material.  
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If we look at each material individually we can find the maximum temperature difference reached and at what 
it has been reached.  
For aluminum the temperature difference doesn’t change so rapidly after about 35 seconds. The highest 
temperature difference measured is 4.32 °C. For paper the time for the temperature difference to stabilize is 
50 seconds. The highest temperature measured is 8.87 °C. For kapton the time would be 70 seconds and 
highest temperature 10.61 °C. PET’s time is around 50 seconds and highest temperature 13.24 °C. Steel’s time 
90 seconds and temperature 15.41 °C. We can assume that the bigger the temperature difference is, the longer 
the time interval is for the material to approach its limit.  
Looking at both the highest temperature difference reached and the average temperature difference, we can 
list the materials from worst to best performing. That is Aluminum, Paper, Kapton, PET and Steel. Where steel 
is the best. 
 
Summary 
Comparing the graphs of temperature difference for the frequency interval we notice that they all behave 
similarly. All resemble the parabolic shape, with the peaks around frequency 295-315Hz. As for the Hot and 
Cold graphs, we notice that the cold temperature slowly rises over time and change in frequency, although the 
hot temperature generally rises much faster. That’s also what creates the change in temperature difference 
and its parabolic shape. This shape is less visible in the graph of combined temperature differences because of 
the scaling adjustment of the axis. 
As can be seen on the 10 minute graph for the temperature differences, the steel performs the best, while the 
aluminum is the worst. Also all the plots have similar shape of exponential function. 
Looking at both the performance lists for the best overall performance and specific at 315Hz we can say that 
the steel is the best in both tests. Kapton and PET perform almost the same with little difference that might be 
caused because of the experimental errors. And aluminum is the worst in both tests.  
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To summarize all the data we create following table: 
Table 9. Summarizing the data of each stack material 
 Frequency range (250-370Hz) 315 Hz only  
Material Average 
temperature 
difference 
(°C) 
Highest 
temperature 
difference 
measured 
(°C) 
Best 
frequency 
(Hz) 
Time to 
stabilize (s) 
Highest 
temperature 
measured 
(°C) 
Performance 
rank 
Aluminum 4.31 5.51 305 35 4.32 5 
Paper 8.88 10.01 310 50 8.87 4 
PET 9.87 11.19 310 50 13.24 2-3 
Kapton 10.04 11.38 295 70 10.61 2-3 
Steel 14.70 17.18 290 90 15.41 1 
 
 
In the table we introduced ranking of the materials. Ranking is based on the average temperature difference 
and highest temperature measured. Stack with Biggest temperature difference and highest temperature 
measured is ranked 1, for the best temperature difference. Lower the difference and highest temperature, 
higher the number of the rank. 1 is the best and 5 is the worst. Ranks 5, 4 and 1 were clear to state as the steel, 
paper and aluminum had very different temperatures. Whereas ranks 2 and 3 were difficult to decide which 
one would be 2 and which would be 3. Kapton’s average temperature was higher than PET’s, but its highest 
temperature measured was lower than PET’s. Therefore we decided to make a shared rank for these two 
materials.  
In the next step we try to find the relationship between the material’s properties and its performance as a 
stack. In order to do that we create a new table with values of heat capacity, thermal conductivity and 
material’s rank.  
Table. 10 Specific properties of our materials and final ranking based on our results 
Material Thermal conductivity 
[W/(m*K)] 
Heat capacity 
[kJ/kg*K] 
Rank 
Aluminum 237 0.9 5 
Paper 0,05 1.36 4 
PET 0,176 1 2-3 
Kapton 0.12 1.09 2-3 
Steel 16 0.49 1 
 
From the table above we can conclude that the lower the heat capacity and higher the Thermal conductivity, 
the better the performance of the stack. That is contrary to our hypothesis, which stated the opposite (the 
lower the thermal conductivity and higher heat capacity, the better the performance). Although we have to 
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exclude aluminum from this ranking (see discussion). The values for PET and Kapton are very close to each 
other, compared to other materials. This explains the results. This results might be due to our experimental 
setup and errors connected to it (see discussion). However, the properties of these materials vary greatly, they 
all work as a stack in the thermoacoustic device.  
 
Discussion 
 
Materials 
 
In our project we wanted to compare different groups of materials and their performance in thermoacoustic 
heat engine. According to literature there were some properties important for the stack to work. Such as heat 
capacity has to be bigger than the heat capacity of the air and thermal conductivity should be very low. 
Because paper and plastic are the materials already used in literature we created stacks from these materials. 
Also in order to verify our hypothesis we have chosen metals that usually have very high thermal conductivity.  
After seeing the very good performance of stainless steel we have decided to choose one more metal, namely 
aluminum, with even higher thermal conductivity to see if that’s going to perform even better. Also another 
reason for choosing aluminum as our second metal was that its heat capacity is close to that of paper and PET, 
therefore we managed to keep the heat capacity as a constant variable and only change thermal conductivity, 
to prove if that’s the most significant property.  
 
Frequency range 
 
Based on the previous project of our supervisor we decided for the range of our frequencies to be from 250Hz 
to 370Hz. Their original range was from 160Hz to 650Hz. Then they discovered their resonance frequency 
(frequency with best temperature differences) is 280Hz. At the same time they did other measurements at 
350Hz. Because of this we decided that our range should include both of these frequencies, to compare our 
results.  
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Data analysis 
 
Errors 
To create data as reliable as possible we repeated each measurement of each stack multiple times (2-3). And 
each time we got slightly different results.  
This difference could have been caused by multiple reasons.  
First it was impossible for us to control the room temperature and pressure. The aluminum plug and the 
resonance tube were not really fixed in place, as they moved slightly when apparatus was shaking. When 
measuring the stacks in the vertical position we noticed that sometimes the stack would fall down the tube and 
therefore ruin our data. This error has been solved by putting the speaker and the tube in horizontal position, 
so that the stack wouldn’t move but rather stay in place. In the process of building the stack it was near 
impossible to repeat the procedure exactly in the same matter. Although we had marks for the spacing, 5mm, 
we couldn’t place the lines exactly with that spacing. The lines were difficult to work with as they didn’t really 
stick to the material, which in some cases resulted in using too much glue, and they curved a lot when placing 
them down, so it was really difficult to place them exactly perpendicular to the stack. Rolling the materials was 
also a difficult task as we couldn’t make the rolls tight enough to create same spacing in each stack.  
Especially the aluminum was very difficult to work with. As the foil we got was only 0,01mm thick, when 
creating the stack we had to fold the layers 3 times in order to create 0.003mm thickness. Which was not 
perfect as in between the layers air and some dirt might have stuck. Another issue with the aluminum was that 
when rolling it, it was so soft that some of the layers would just get smashed into each other and some of the 
holes would disappear.  
Capacity vs. Conductivity  
According to our hypothesis, we expected that the paper performs the best because it has low thermal 
conductivity and heat capacity higher than air. Since metal has very high thermal conductivity and heat 
capacity lower than air we assumed that it would perform worse. There exists a theory that heat transfer along 
the stack disturbs the thermoacoustic effect and that’s why they recommend materials with low thermal 
conductivity. That conducts heat badly and can’t absorb heat. We took both properties into consideration but 
we focused mainly on thermal conductivity because there is a wider range of values for our materials. 
Surprisingly, during our experiment the stainless steel gave us the biggest thermal difference. This is 
contradictory to our hypothesis and the literature found. Especially the heat capacity of the stainless steel is 
lower than our reference point says although it should be higher. That was the reason we took the second 
metal material with extreme values of the two coefficients, aluminium foil, to verify the results for the stainless 
steel in our project. This time the aluminium behaved accordingly to original hypothesis. It performed worse 
than every other material.  
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Surface area 
After verifying our experimental outcome with heat coefficients and surprising tendency we decided to 
compare the surface of action of each material. We calculated it from dimensions of our stacks. We found out 
that surfaces differ so we decided to make the numbers as close as possible by adjusting width, to keep as 
many parameters constant as possible. In consequence, the surfaces of action for all materials were about 
eight hundred centimetres squared. 
Ratios/coefficients 
Thermal conductivity and heat capacity played the main role in our hypothesis. Unexpected data forced us to 
find a different way to compare those two coefficients. We tried to take ratios of these values for our materials 
with respect to air’s values [look appendix 3]. Coefficients would help us to compare properties of materials. 
According to hypothesis materials with low α ratio and β ratio over 1 would perform well. But units are 
different we decide it shouldn’t be compared in this way. 
Length of measurement 
We used the data from the previous project about temperature difference tendency over a time on the same 
frequency. Because it wasn’t changing after a few minutes we decided to take our measurement for 2 minutes 
per frequency. Afterwards we repeated the long term [10 minutes] measurements to be sure that it stays 
constant. Our results verify that it stays constant even for long term measurements. Although for better 
performing materials there is slightly increasing tendency even after 2 minutes but it gets almost constant 
around 8TH minute.  
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Conclusion 
 
This project was meant to investigate the performance of different materials as stacks in the thermoacoustic 
device. In order to do that we created 5 stacks from 3 types of materials. We did two different experiments for 
every stack, one was to measure the temperatures at both ends of the stack in interval of frequencies from 
250Hz to 370Hz. Second was to take a measurement of the stack for 10 minutes for frequency of 315Hz. After 
gathering all the data and processing the results we found that the aluminum stack performed the worst in 
both experiments with average temperature difference of 5.51°C for the frequency range measurement and 
highest temperature difference of 4.32°C for the 10 minute measurement. Second worst was the paper stack 
with temperature differences of 10.01°C and 8.87 °C respectively. Next is the plastic group, where both 
materials have similar properties and results. The Kapton had higher average, 10.04°C than PET, 9.87°C in the 
range measurement, but lower greatest temperature difference in the 10 minute measurement, where for 
Kapton it was 10.61°C and for PET 13.24°C. However, stainless steel as a stack performed the best with the 
highest average temperature difference of 14.70°C and greatest temperature difference of 15.41°C in the 10 
minute measurement. 
Our experiments show that our hypothesis is wrong. We hypothesised that the higher the Heat capacity and 
lower the Thermal conductivity, the better the material would perform. However, our experimental outcome 
shows exact opposite. We conclude that the lower the Heat capacity and higher the Thermal conductivity, the 
better the material performs.  
Perspective 
 
In order for our results to be more reliable and precise. We would have to make more measurements with 
better equipment. Also we would need more materials to create stacks from. If we were able to get more 
materials from few characteristic groups (metals, plastics etc…), the metal group would be especially 
interesting as it should perform the best. If possible we would gather materials with the same values for one of 
the properties, either thermal conductivity or heat capacity, in order to better compare the significance of 
these properties.  
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Appendix 
Appendix 1. 
Photos from the process of building stacks. 
 
Picture 1. Rolling the aluminum stack. 
 
Picture 2. Photo from upper view of the tube. You can see rolled stack there. The wooden box is the 
loudspeaker. 
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Picture 3. Making spacing of pores with fishing line for PET stack. 
 
 
Picture 4. Five different stacks we built and tested. From the top: Kapton, Stainless steel, paper, aluminum and 
PET. 
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Appendix 2. 
 
Matlab script for frequency range measurement 
Init_ser.m 
ser=serial(‚COM4‘,‘BaudRate‘,9600,‘Terminator‘,‘CR‘); 
fopen(ser) 
 
test7.m 
global ser1 time1; 
%h1=newplot; 
h = animatedline(‚linestyle‘,‘-‚); 
axis([0,120,10,45]); 
g = animatedline(‚linestyle‘,‘-‚); 
axis([0,120,10,45]) 
  
  
% fprintf(ser1,‘%s\n‘,‘#01‘); 
v1gl=0; 
v2gl=0; 
for n=1:1:120 
if (ser.BytesAvailable>0) 
    n1=ser.BytesAvailable; 
    out = fread(ser,n1); 
end  
fprintf(ser,‘%s\r‘,‘#00‘); 
n1=ser.BytesAvailable; 
pause(1); 
%if ~(n1==9) 
%fprintf(ser,‘%s\nl‘,‘#01‘); 
%n1=ser.BytesAvailable; 
%disp(n1); 
%end 
str1=fscanf(ser); 
v1=sscanf(str1(2:8),‘%f‘); 
v2=sscanf(str1(9:15),‘%f‘); 
  
Hot_250(n)=v1; 
Cold_250(n)=v2; 
%disp(str1); 
  
C_250= mean(Cold_250); 
H_250= mean(Hot_250); 
  
    addpoints(h,n,v1); 
   
     addpoints(g,n,v2); 
    drawnow 
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v1gl=v1; 
v2gl=v2; 
  % disp(x1);disp(y1); 
   
end; 
beep on; beep; 
 
MatLab script for 10 minute measurement 
Init_ser.m 
ser=serial(‚COM4‘,‘BaudRate‘,9600,‘Terminator‘,‘CR‘); 
fopen(ser) 
 
test7.m 
global ser1 time1; 
%h1=newplot; 
h = animatedline(‚linestyle‘,‘-‚); 
axis([0,600,10,45]); 
g = animatedline(‚linestyle‘,‘-‚); 
axis([0,600,10,45]) 
  
  
% fprintf(ser1,‘%s\n‘,‘#01‘); 
v1gl=0; 
v2gl=0; 
for n=1:1:600 
if (ser.BytesAvailable>0) 
    n1=ser.BytesAvailable; 
    out = fread(ser,n1); 
end  
fprintf(ser,‘%s\r‘,‘#00‘); 
n1=ser.BytesAvailable; 
pause(1); 
%if ~(n1==9) 
%fprintf(ser,‘%s\nl‘,‘#01‘); 
%n1=ser.BytesAvailable; 
%disp(n1); 
%end 
str1=fscanf(ser); 
v1=sscanf(str1(2:8),‘%f‘); 
v2=sscanf(str1(9:15),‘%f‘); 
  
Hot_315(n)=v1; 
Cold_315(n)=v2; 
%disp(str1); 
  
C_315= mean(Cold_315); 
H_315= mean(Hot_315); 
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    addpoints(h,n,v1); 
   
     addpoints(g,n,v2); 
    drawnow 
  
v1gl=v1; 
v2gl=v2; 
  % disp(x1);disp(y1); 
   
end; 
beep on; beep; 
 
Appendix 3. 
 
Ratios 
 
 Paper PET Stainless steel Aluminium Kapton 
α=Thermal 
conductivity 
material/thermal 
conductivity air 
1,93 7,69 615,38 9115,4 4,6 
β=Heat capacity 
material/heat 
capacity air 
1,33 0,99 0,49 0,9 1,08 
α/β 1,45 7,77 1255,88 10184,8 4,26 
 
Table 11. Ratios we got by dividing by different properties of our materials. 
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